The hypothalamic-pituitary-thyroid (HPT) axis is a major contributor in maintaining energy expenditure and body weight, and the adipocyte hormone leptin regulates this axis by increasing TRH levels in the fed state. Leptin stimulates TRH directly in the hypothalamic paraventricular nucleus (PVN; direct pathway) and indirectly by regulating proopiomelnocortin neurons in the hypothalamic arcuate nucleus (ARC; indirect pathway). Whereas the indirect pathway is fully functional in lean animals, it is inactive during diet-induced obesity (DIO) because of the establishment of leptin resistance. Despite this, the HPT axis activity in obese humans and rodents remains within the normal levels or slightly higher. Therefore, in this study, we aimed to determine the mechanism(s) by which the HPT axis is still active despite leptin resistance. With a combination of using the SpragueDawley rat physiological model and the Zuker rat that bears a mutation in the leptin receptor, we were able to demonstrate that under DIO conditions the HPT axis is regulated at the central level, but only through the direct pathway of leptin action on TRH neurons. Deiodinase enzymes, which are present in many tissues and responsible for converting thyroid hormones, were not statistically different between lean and DIO animals. These data suggest that the increase in T4/3 seen in obese animals is due mostly to central leptin action. We also found that T3 feedback inhibition on the prepro-TRH gene is controlled partially by leptin-induced pSTAT3 signaling via the TRH promoter. This interactive relationship between T3 and pSTAT3 signaling appears essential to maintain the HPT axis at normal levels in conditions such as obesity.
THE INTERACTION between TRH and leptin has important implications in the maintenance of the thyroid status during nutritional changes (38) . Different from insulin and cortisol, which fluctuate in response to nutritional changes and stress, thyroid hormones are typically maintained at a constant level, keeping the metabolic machinery running at a proper metabolic rate (22, 38, 39a) . Thyroid hormones are crucial for survival in both rodents and humans by adjusting its levels from the fed to the starved state. In the case of starvation, a rapid suppression of thyroxine (T 4 ) and triiodothyronine (T 3 ) levels occurs to preserve energy stores. The secretion of T 3 and T 4 is controlled by a feedback system involving the pituitary gland and hypothalamus that produces hormones that regulate thirst, hunger, body temperature, sleep, mood, and sex drive. When plasma levels of thyroid hormone fall, the biosynthesis and secretion of hypophysiotropic TRH increase, raising the threshold for feedback inhibition by thyroid hormone on anterior pituitary thyrotrophs and thus increasing TSH secretion. Conversely, elevations in plasma concentrations of thyroid hormone suppress the biosynthesis and secretion of TRH, causing a reduced threshold for feedback regulation by thyroid hormone on thyrotrophs, resulting in suppression of TSH secretion, thus leading to a reduced release of thyroid hormones (58) . In addition, the levels of thyroid hormones in tissues and circulation are catalyzed by the action of iodothyronine deiodinase enzymes (D1, D2, and D3) (3) . Therefore, circulating thyroid hormone levels depend on both the central regulation of the hypothalamic-pituitary-thyroid (HPT) axis by leptin and the activity of deiodinases.
Most obese humans and rodents have high levels of plasma leptin, which neither reduces appetite nor increases energy expenditure (23, 25) . This condition of hyperleptinemia is known as leptin resistance. Many aspects of this "leptinresistant" state are still poorly understood. There is virtually no information regarding leptin resistance in TRH neurons when diet-induced obesity (DIO) is established. We showed earlier that leptin stimulates TRH neurons in the paraventricular nucleus (PVN) of the hypothalamus through two distinct pathways, a direct and an indirect pathway. In the direct pathway, leptin induces STAT3 phosphorylation in TRH neurons. Phospho-STAT3 (pSTAT3) binds to the prepro-TRH promoter and regulates prepro-TRH transcription (24, 29, 40) . In the indirect pathway, leptin upregulates proopiomelanocortin (POMC) expression and inhibits neuropeptide Y (NPY) and agouti-related protein (AgRP) expressions (13, 20, 21, 26, 45, 52) in the arcuate nucleus (ARC) of hypothalamus. The POMC-processing product ␣-melanocyte stimulating hormone (␣-MSH) stimulates TRH neurons via the activation of cAMP response element-binding protein intracellular signaling. Leptin administrated centrally to fasted rats activates both direct and indirect pathways of leptin action on TRH neurons (45) . Leptin-induced effects on the HPT axis in fasted rats pretreated with a melanocortin antagonist are fully blocked (45) , suggesting that leptin action on ARC-derived neuropeptides via the indirect pathway plays the most significant role in regulating TRH neurons in the lean animals. However, the indirect pathway does not function in the obese condition; the ARC becomes leptin resistant when obesity is established by high-fat diet (HFD) (18, 37) .
There is evidence suggesting, however, that other brain regions remain sensitive to leptin notwithstanding obesityinduced leptin resistance. For example, leptin-activated pSTAT3 decreases in the ARC but not in other brain nuclei of rats kept on HFD (37) . Hyperleptinemia in obese humans and some rodent species is associated with high (upper normal range) circulating thyroid hormone levels compared with normal individuals, suggesting that leptin still functions to activate the HPT axis (14, 15, 51, 54, 57) . Furthermore, leptin-deficient (ob/ob) mice are considerably more obese than animals subjected to HFD, supporting the idea that leptin still functions to regulate body weight in the diet-induced obese condition (38) . Therefore, using a combination of an in vivo physiological and a genetic rat model of obesity along with in vitro and biochemical analysis, we were able to demonstrate that TRH neurons are receptive to leptin, which is potentially responsible for maintaining the HPT axis at physiological levels in the obese condition. no. 06-540) was from Upstate (Lake Placid, NY). Guinea pig antiFluoroGold (FG) antibody was from Protos Biotech (New York, NY). Mouse anti-␤-actin (C4) antibody (cat. no. sc-47778) was from Santa Cruz Biotechnology. Rabbit anti-TRH, anti-pro-TRH (against prepro-TRH 239 -255 sequence of pro-TRH), and anti-␣-MSH antibodies were developed in our laboratory and fully described earlier (39, 44) . Biotinylated goat anti-rabbit and FITC-conjugated goat anti-guinea pig were from Jackson ImmunoResearch Laboratories (West Grove, PA). Fluorescent goat anti-rabbit immunoglobulin conjugated (Alexa fluor 594) and fluorescent goat anti-guinea pig immunoglobulin conjugated (Alexa fluor 488) were from Molecular Probes (Eugene, OR). Goat anti-rabbit antibody-AP conjugate and rabbit anti-goat antibody-AP conjugate were from Bio-Rad Laboratories (Richmond, CA). Normal donkey serum and normal goat serum were obtained from Invitrogen Life Technologies (Carlsbad, CA). FG was from Fluorochrome (Denver, CO). Avidin-biotin complex Vectastain and fluorescence mounting solution were from Vector Laboratories (Burlingame, CA), and diaminobenzidine-developing solution was from Roche (Basel, Switzerland). Most of the reagents were purchased from Sigma-Aldrich (St. Louis, MO), except when indicated.
MATERIALS AND METHODS

Reagents
Animals. Male Sprague-Dawley and Zucker rats were obtained from Charles River Laboratories (Wilmington, MA). At 22 days of age, they were fed a regular diet (Purina Laboratory Chow no. 5001; Ralston Purina, St. Louis, MO) or a high-fat diet (HFD-Rodent Chow no. D12492; Research Diets, New Brunswick, NJ) for 12 wk. Regular diet provided 3.3 kcal/g of energy (59.9% carbohydrate, 28.0% protein, and 12.1% fat). HFD provided 5.24 kcal/g of energy (20.0% carbohydrate, 20.0% protein, and 60.0% fat). Food and water were available ad libitum unless otherwise indicated. Body weights were measured weekly. To measure food intake, some rats were individually housed. After 12 wk, rats eating HFD had a bimodal distribution of body weight, similar to what we found in mice (18) . Approximately 87% of rats fed HFD were significantly heavier than control (lean) rats (see RESULTS). This obese group was named DIO and used for experimentation. It is well known that when a population of SpragueDawley rats (as well as other rodents) is kept on HFD, some individuals will not become obese; instead, these individuals gain weight and fat at the same rate as their counterparts kept on regular diet. These individuals are referred to as DIO resistant (DIO-R) (33) . In the current study, DIO-R was defined as any rat kept on HFD for 12 wk whose body weight was less than the mean ϩ 3 SD of the lean group fed a regular diet. About 13% of rats on HFD were DIO-R and consequently excluded from these experiments. The Institutional Animal Care and Use Committee of Rhode Island Hospital/Brown University approved all the experimental protocols and euthanasia procedures.
In vivo studies. Initially, lean and DIO animals were euthanized by decapitation in the fed condition; each group contained 10 -12 animals. Blood was collected for TSH, T 3, T4, and leptin analysis. The PVN were removed from the hypothalamus by surgical dissection and subjected to 1) peptide extraction with 2 N acetic acid supplemented with a protease inhibitor cocktail, which contains 4-(2-aminoethyl)-benzenesulfonyl fluoride, pepstatin A, E64, bestatin, leupeptin, and aprotin (cat. no. P8340; Sigma-Aldrich), to measure peptides by specific radio immunoassays (RIAs); 2) protein extraction with RIPA buffer (50 mM Tris·HCl, pH 7.4, 150 mM NaCl, 0.5% sodium deoxycholate, 0.1% SDS, 1% NP-40) supplemented with protease inhibitor cocktail for Western blot analysis; or 3) RNA isolation with TRIzol Reagent (Invitrogen) according to the manufacturer's instructions for real-time PCR analysis. Peptide and protein concentrations were determined by the Bradford assay (Pierce, Rockford, IL). RNA concentration and quality was determined by spectrophotometry. To evaluate the response to fasting, lean and DIO rats were divided into two groups; one group was allowed free access to food, and the other was fasted for 48 h. Animals and samples were processed as indicated above, and each group contained 8 -10 animals per groups per treatment. We also evaluated the response to leptin or AG-490 in both groups of rats. To perform these experiments, rats were stereotaxically implanted with an intracerebroventricular (icv) cannula (Plastics One) 10 days before the experiment, as described previously (45) . The placement coordinates for the lateral ventricle were anteroposterior: Ϫ0.8 mm; lateral: Ϫ2.0 mm; and ventral: Ϫ4.0 mm. The correct placement of the cannulas was verified by measurement of water intake in response to icv injection of angiotensin II (40 ng/rat). On the day of the experiment, overnight-fasted animals were given 10 l icv of vehicle [artificial cerebrospinal fluid (aCSF)] alone or containing leptin (3.5 g/rat). All injections were performed between 9 and 10:30 AM. Animals were euthanized 30 min later by decapitation, and samples were processed for immunohistochemistry. An extra group of fed lean and DIO rats was also used in these studies. Each group contained three to five rats. In the case of inhibition of leptin signaling, animals were given 10 l icv of vehicle (13% DMSO in aCSF) alone or containing AG-490 (54 nmol/rat) at 6 PM. Animals were euthanized the following morning by decapitation. Each group contained eight to 10 rats per treatment.
To perform immunohistochemistry, rats were treated as described previously (45) . Briefly, anesthetized rats were systemically perfused with 4% paraformaldehyde in phosphate buffer. Brains were removed, postfixed for 2 h, and finally cryoprotected in 20% sucrose solution. Brains were frozen and cut in 25-mm-thick coronal sections on a sliding cryostat. To carry out the tracing studies, rats were injected intraperitoneally with the retrogradely transported marker FG (15 mg/kg body wt of 2.5% solution in saline) 48 h before perfusion (34) .
Energy expenditure and body basal temperature measurements. These studies were performed at Charles River Laboratories. Energy expenditure (EE) was evaluated by indirect calorimetry using an Oxymax housing system (Columbus Instruments, Columbus, OH). For this purpose, rats with free access to food and water were individually housed in metabolic cages. Cages were connected to oxygen and carbon dioxide sensors and placed in an incubator, enabling precise temperature control. EE was measured every 6 min during a complete cycle of 24 h. For monitoring the core body temperature, a thermosensitive chip (BioMedic Data Systems, Maywood, NJ) was implanted in the interscapular region under isoflurane anesthesia in both groups of rats. On experimental days, the ambient temperature was 20.5°C. Basal temperature recordings were made using a transponder (IPTT-100; BioMedic Data Systems) communicating with a personal computer for data acquisition. For these experiments, each group contained four rats. Results were expressed per rat per hour. Daily EE was not normalized by body weight given the differences of surface area and body composition between the experimental groups (27) .
Gene expression analysis. Total RNA was treated with DNase I (Roche). cDNA synthesis was generated using random hexamer primers and SuperScript III reverse transcriptase (Invitrogen). Real-time PCRs were done using the SYBR Green PCR Core Reagents and the ABI 7500 Fast Real-Time PCR system (Applied Biosystems, Foster City, CA). Averaged levels of pro-TRH normalized to hypoxanthine phosphoribosyl transferase (hprt1) in each experimental group (n ϭ 6) were compared with similar values obtained from fed control rats to determine relative expression levels (50) . Primers sequences were upstream pro-TRH, 5=-GGAGAGGGTGTCTTAATGCCT-3=; downstream pro-TRH, 5=-GGCCTGTTTGACCACAAGTCC-3=; upstream HPRT1, 5=-gcagactttgctttccttgg-3=; and downstream HPRT1, 5=-GTCTGGCCTGTATC-CAACACT-3=. All reactions were performed in triplicate in sealed fast Fig. 1 . Diet-induced obese (DIO) rats are resistant to the anorexogenic action of leptin. DIO and lean rats were weighed (A), and daily food intake was determined (B) before euthanization. C: serum was obtained for leptin. D: an independent group of animals was vehicle or leptin treated (3.5 g/rat icv) in the afternoon, and the overnight food intake was determined. E: representative microphotographs of phospho-STAT3 (pSTAT3) staining in the arcuate nucleus (ARC) of fasted lean (left) or DIO (right) rats treated with either vehicle or leptin (3.5 g/rat icv, 30 min). Scale bars, 50 m. F: fold stimulation in the number of pSTAT3-positive cells/section in the ARC of lean and DIO rats. G: the hypothalamic ARC was also removed from fed lean and DIO rats, and peptides were extracted for ␣-MSH RIA. Values are the means Ϯ SE. *P Ͻ 0.05 vs. lean group. optical 96-well reaction plates (Applied Biosystems). Standard curves for pro-TRH, hprt1, and PPII transcript levels were generated using hypothalamic cDNA of lean rat with ABI 7500 Fast System SDS Software version 1.3.1 (Applied Biosystems).
Immunohistochemistry. Procedure for pSTAT3 was performed as described (29) . Briefly, tissues were treated sequentially with 1% NaOH and 1% H 2O2 for 20 min, 0.3% glycine for 10 min, and 0.03% SDS for 10 min. Sections were then blocked with normal goat serum and incubated with anti-pSTAT3 antibody (1:1,500) overnight at 4°C. The next day, sections were incubated with biotinylated goat antirabbit antibody (1:1,000), followed by avidin-biotin complex solution and brown precipitate development by diaminobenzidine solution. Sections containing the ARC were then mounted. For double pSTAT3/pro-TRH immunostaining, pro-TRH staining was performed consecutively to the pSTAT3 staining. Briefly, pSTAT3-immunostained brain slices were incubated overnight at 4°C with anti-pro-TRH antibody (1:5,000). The next day, sections were incubated with fluorescent goat anti-rabbit Alexa 594 (red) antibody, mounted, and coverslipped in a fluorescence mounting solution containing 4,6-diamidino-2-phenylindole (DAPI). To increase the FG fluorescent signal, triple pSTAT3/pro-TRH/FG immunostaining was performed.
FG staining was performed by overnight incubation with anti-FG (1:3,000) antibodies at 4°C, and then visualization was done with goat anti-guinea pig FITC (green) antibodies. Results were visualized using either fluorescence (pro-TRH and FG) or bright-field light (pSTAT3) sources. Fluorescent images and diaminobenzidine images were acquired with a Nikon E800 microscope (Nikon, Melville, NY) and a Spot II digital camera (Diagnostic Instruments, Sterling Heights, MI). Using ImageJ (National Institutes of Health, Springfield, VA) and Adobe Photoshop (Adobe, San Jose, CA), fluorescence and bright-field photographs were combined. TRH immunostaining was confined to the perikarya and dendrites to see the nucleus containing brown label for pSTAT3. FG immunostaining was seen as cytoplasmic granular green staining. Percentage of TRH neurons containing labeled nuclei was determined at medial and posterior level of the PVN (45) . TRH neurons with visible DAPI-positive nuclei and TRH neurons with visible pSTAT3-positive nuclei on each side of the third ventricle were counted. The relationship was expressed as a percentage, which represents pSTAT3-positive TRH neurons compared with the total number of TRH neurons observed. Quantitative analysis was performed in three animals per each condition. Fig. 2 . The change in the set point of the hypothalamic-pituitary-thyroid (HPT) axis of DIO rats correlates with plasma leptin and with an increase of pSTAT3 signaling within TRH neurons. A: correlation between serum leptin and serum tiiodothyronine (T3) in lean and DIO rats (r ϭ 0.46 and 0.66 for lean and DIO rats, respectively). Each point represents a measurement from a single animal. B and C: thyroid hormone receptor-␤2 (TR␤2) and leptin receptor (ObRb) protein levels were similar in both groups of rats. To perform this, hypothalamic paraventricular nuclei (PVN) were removed from fed lean and DIO rats; proteins were extracted in RIPA lysis buffer, and TR␤2 (60 kDa), ObRb (120 kDa), and ␤-actin (43 kDa) levels were assayed by Western blot. In addition, brain sections of fed rats were subjected to double immunohistochemistry using anti-pSTAT3 (brown staining) and anti-pro-TRH (red fluorescent staining) antiserum. D: low-magnification images for each individual staining for each group and high-magnification merged images. Arrows point to dual-labeled cells. RIAs. Plasma TSH levels were determined using a highly sensitive double-antibody method developed by A. F. Parlow (National Hormone and Pituitary Program; Harbor-UCLA Medical Center, Torrance, CA). Plasma thyroid hormones (total and free) and leptin levels were measured using commercial RIA kits from MP Biomedicals Diagnostic Division (Orangeburg, NY) and Linco Research (St. Charles, MO), respectively. The use of the MP Biomedical free T 4 kit in the DIO group was validated using a kit based on equilibrium dialysis technology (data not shown). The sensitivity of the T 3 and T4 assays were 25 ng/dl and 1.2 mg/dl, respectively, and the intra-and interassay variabilities were ϳ5-7 and 10 -11%, respectively. RIAs for TRH and ␣-MSH were developed in our laboratory, as described previously (39, 46) . The tracers were iodinated using the Chloramine T method followed by HPLC purification. The sensitivity of the RIA systems for TRH and ␣-MSH were 2.0 and 15.0 pg/tube, respectively. The intra-and interassay variabilities were 5-6 and 9 -12%, respectively.
Western blot analysis. For ObRb and TR␤2 analyses, we used 25 g of PVN-extracted protein of the different animal groups. For UCP1 and UCP3 analyses, we used 40 g of total protein from brown adipose tissue (BAT) and muscle tissue, respectively. We used 50 g of total protein from ARC/ median eminence (ME) tissue samples for D3 analysis. Samples were separated on 8% Tris-glycine-SDS-PAGE gels. The Precision Plus Protein standards were used as molecular weight markers (Bio-Rad Laboratories, Richmond, CA). After the electrophoresis, proteins were electroblotted onto PDVF membranes (Millipore Laboratories) for immunodetection and blocked with milk in Tween-Tris-buffered saline (50 mM Tris, 150 mM NaCl, 0.1% Tween 20, pH 7.4). Membranes with PVN samples were probed overnight at 4°C with the anti-ObRb (1:100) or anti-TR␤2 (1:500) antibodies. Membranes with muscle and BAT samples were probed overnight at 4°C with the anti-UCP1 (1:200) or anti-UCP3 (1:100) antibodies, respectively. Membranes with ARC/ME samples were probed overnight at 4°C with the anti-D3 (1:2,000). Membranes were incubated with an alkaline phosphatase-linked secondary antibody (1:2,000) and immunoreactive bands visualized by the Immunostar Assay, as described by the manufacturer (Bio-Rad Laboratories). In all cases, ␤-actin was used as internal control to normalize Western blot data. Luciferase and ␤-galactosidase assays. This procedure was performed as described previously in detail (26) . Briefly, 293T cells were grown in DMEM supplemented with 10% of fetal bovine serum, 100 U/ml penicillin, and 10 g/ml streptomycin. For the luciferase and ␤-galactosidase assays, 293T cells were transfected with prepro-TRHluciferase reporter, ␤-galactosidase expression vector, and each plasmid (ObRb, STAT3, PKCR2-TR␤2) or the empty expression vector. All transfections were performed with Mammalian Cell Transfection kit (Specialty Media, Phillipsburg, NJ), following the manufacturer's instructions. Twenty-eight hours after transfection, cells were incubated in serum-free Gibco OptiMEM (Invitrogen) and subsequently stimulated overnight with T3 (0, 10, and 100 nM) and/or further stimulation with leptin (0, 1, 10, and 100 nM) for 6 h. After stimulation, cells were lysed in lysis buffer A (25 mM glycylglycine, 15 mM MgSO4, 4 mM EGTA, 1% Triton X-100, and 2 mM dithiothreitol) and assayed for luciferase and ␤-galactosidase activity. Enzymatic activities were measured using Luminometer (LB 9501; EG & G Berthold, Bad Wildbad, Germany). Luciferase activity was determined using Luciferin (Molecular Probes, Eugene, OR) and ␤-galactosidase activity using Galacton (Tropix, Bedford, MA) as described by the manufacturers. Data show the relative luciferase activity, and it is the mean of at least three separate experiments performed in triplicate.
Deiodinase activity assays. Deiodinase activity assays were performed according to Richard et al. (48) . Briefly, extracted BAT and liver tissue were homoginized in P100E2D1 and extracted, and ARC tissue was homoginized in P100E2D10. Total protein concentrations were determined using a Bradford assay. D2 activity in BAT and ARC samples was assayed using P100E2D25 and [3=5=-
125 I]T4 (3,000 counts/min) with 1 mM 6-propyl-2-thiouracil (PTU; Sigma p3755; to block D1 activity) and 1 m T 3 (to block D3 activity) in a total reaction volume of 0.5 ml. D1 activity in liver samples was assayed using P100E2D10 and [3=5=-125 I]T4 (3,000 counts/min) in a reaction volume of 0.5 ml. Liver samples were run with and without 1 mM PTU (a D1 inhibitor) to determine D1 activity only. D3 activity was assayed using P100E2D50 and [
125 I]T3 (3,000 counts/min) in a total reaction volume of 0.5 ml. Samples were incubated at 37°C for 30 min, and reactions were stopped with 0.2 ml ice-cold methanol. Samples were then centrifuged at 3,200 rpm for 30 min, and 0.5 ml of supernatant was removed and counted for radioactivity. All samples were run in the same assay on the same day. Extracted ARC/ME tissue was homoginized in P100E2D10. Total protein concentrations were determined using a Bradford assay.
Statistical analysis. The results are presented as the mean Ϯ SE. Statistical significance was determined by analysis of variance followed by post hoc Newman-Keuls test. Differences were considered to be significant at P Ͻ 0.05. Correlation between plasma leptin and T 3 was performed by linear regression analysis using a general linear model. Significant differences between the slopes were investigated by calculating a P value (2-tailed), testing the null hypothesis that the slopes are identical.
RESULTS
The HPT axis in DIO rats responds to changes in leptin levels. The first question we asked was whether, despite leptin resistance seen in the DIO condition, the HPT axis remains sensitive to leptin. For this purpose, we compared the metabolic changes produced in DIO rats with lean counterparts and whether the HPT axis responded to nutritional changes (vari- Fig. 3 . Deiodinase activity does not increase in the DIO. Tissue samples were extracted in P100E2D10 for ARC and P100E2D1 for brown adipose tissue (BAT) and liver, and activity assays were performed an all samples. For D1 activity in liver, samples were run with and without the D1 inhibitor 6-propyl-2-thiouracil (PTU) to determine D1 activity only. Sample sizes were D2 in ARC control: n ϭ 6; DIO: n ϭ 5; D2 in BAT control: n ϭ 8; DIO: n ϭ 10; D1 in liver control: n ϭ 8; DIO: n ϭ 10. Values are means Ϯ SE. ation in leptin levels) in the same fashion as lean animals. Male Sprague-Dawley rats fed for 12 wk on HFD were heavier than lean controls (P Ͻ 0.05; Fig. 1A and Table 1) , and daily food intake increased in DIO compared with lean rats (P Ͻ 0.05; Fig. 1B ). Plasma leptin levels were also higher in DIO rats (P Ͻ 0.05; Fig. 1C and Table 1 ). Intracerebroventricular administration of leptin (3.5 g/rat) decreased the overnight food intake of lean rats (Ϫ26.9 Ϯ 3.9%, P Ͻ 0.05 vs. vehicle; Fig. 1D ) yet failed to affect food intake of DIO rats (Ϫ1.7 Ϯ 4.2% vs. vehicle; Fig. 1D ). We then determined STAT3 phosphorylation, a specific marker of leptin signaling (28, 45) . Leptin-induced activation of pSTAT3 signaling in the ARC of fasted DIO rats (3.5 g/rat icv) was substantially lower compared with lean rats (P Ͻ 0.05; Fig. 1, E and F) , consistent with the state of leptin resistance (18) . As a result of a diminution of STAT3 signaling in the ARC, ␣-MSH, a mediator of leptin action on food intake, was also significantly reduced in the ARC of DIO rats (P Ͻ 0.05; Fig. 1G ). This observation supports the hypothesis of leptin resistance in the ARC as it has been shown by us and other laboratories using the mice model (18, 37) .
To determine whether there was a central activation of the HPT axis by leptin in the DIO group, we measured the propro-TRH gene, one of its translation/processing products, TRH, and the physiological end points of the thyroid axis, T 3/4 .
The data showed an increase in prepro-TRH mRNA and TRH in PVN and TRH in ME as well as a significant increase in plasma T 3 and T 4 for both total and free hormones compared with lean rats (Table 1) . Consistent with the increase in leptin levels in DIO, there was a correlated increase with plasma T 3 in both groups of rats (lean group: r ϭ 0.46, n ϭ 28, P Ͻ 0.02; DIO group: r ϭ 0.66, n ϭ 31, P Ͻ 0.001; Fig. 2A ). The slopes of the correlation were not statistically different between the experimental groups.
In rodents, thyroid hormones act synergistically with the sympathetic nervous system to regulate UCP1 expression (5). UCP1 expression relies on functional T 3 response elements and cAMP response element-binding protein motifs in the UCP1 gene upstream enhancer region (56) . BAT contains abundant type 2 deiodinase (D2), which catalyzes the conversion of T 4 to the more biologically active and potent T 3 and which is activated by the sympathetic nervous system (56) . In addition, D2 was shown to play a role in the conversion of T 4 to T 3 in the ARC, and hepatic D1 could be affected as well (38) . Therefore, we evaluated the possibility that leptin or other metabolic changes seen in the DIO may affect the activity of deiodinases and in turn change the amount of T 3 produced independently of the central action of leptin (3). Analysis of deiodinase activity in ARC/ME, BAT, and liver showed no statistical differences between the DIO and lean animals either for Fig. 4 . DIO rats have a higher metabolic rate. A and B: DIO rats have increased energy expenditure (EE) and body temperature compared with lean rats. EE was evaluated by indirect calorimetry, and the core body temperature was determined with a thermosensitive chip implanted in the interscapular region of the rats. C and D: DIO rats have higher uncoupling protein (UCP) levels compared with lean rats. To perform this, the interscapular BAT and skeletal muscle from hindlimb were extracted in RIPA lysis buffer, and UCP1 (32 kDa), UCP3 (32 kDa), and ␤-actin (43 kDa) levels were assayed by Western blot; n ϭ 12/group. Values are means Ϯ SE. The loading control ␤-actin is shown for all the cases. *P Ͻ 0.05 vs. lean group. AUI, arbitrary units of intensity. D1 and D2 that increase active thyroid hormone levels or for D3 that inactivates thyroid hormones by breaking down T 4 and T 3 to inactive forms (Fig. 3) . The results show that the deiodinase activities are not affected in DIO, which suggests that the increased activity of the HPT axis in the DIO can be attributed only to a central regulation by leptin. In addition, thyroid hormone receptor (TRb2) and leptin receptor (ObRb) protein levels in the PVN were altered (Fig. 2, B and C) in the DIO state.
Further supporting the responsiveness of TRH neurons to leptin in DIO, our results showed that whereas the fed lean animals presented low or undetected levels of positive staining for pSTAT3 in TRH neurons, DIO rats showed that 26.2 Ϯ 2.0% of the TRH neurons were positive for pSTAT3 (P Ͻ 0.05 vs. %lean animals, Fig. 2, D and E) . This enhanced activity of the HPT axis seen in DIO was associated with an increase in basal EE and body basal temperature (55) . Total daily EE was higher in DIO rats compared with the controls (P Ͻ 0.05; Fig. 4A and Table 1 ). Basal body temperature (AM) was also higher in DIO rats on 2 of the 3 days recorded (P Ͻ 0.05; Fig. 4B and Table 1 ). Although mitochondrial UCPs have been shown to increase EE and are regulated by thyroid hormones (4, 31) , factors other than the HPT axis can affect the UCP levels. However, consistent with the EE data, DIO rats significantly increased UCP1 in BAT (Fig. 4C ) and UCP3 in skeletal muscle (Fig. 4D) .
Having determined the metabolic parameters that changed in the obese rat and those affected in the HPT axis, we wondered whether under nutritional changes the HPT axis responds in a similar way to the lean animal. Our results indicate that fasting decreased plasma leptin levels in lean and DIO rats, but fasted DIO rats had higher leptin levels (6.4 Ϯ 0.8 ng/ml) than fasted lean rats (2.1 Ϯ 0.2 ng/ml, P Ͻ 0.05; Fig. 5A ) as a result of the hyperleptinemia developed during the HFD regimen. Fasting also downregulated the HPT axis activity in both groups of rats; prepro-TRH mRNA decreased ϳ44%, the TRH peptide levels decreased ϳ31% in the PVN of lean rats (P Ͻ 0.05), prepro-TRH mRNA decreased ϳ33%, and TRH peptide levels decreased ϳ23% in the DIO rats (P Ͻ 0.05; Fig. 5, B-E) . Importantly, whereas fasting significantly decreased the content of ␣-MSH peptide in the ARC of lean rats (P Ͻ 0.05), it failed to affect the content of ␣-MSH in the ARC of DIO rats (Fig. 5D) . In the periphery, fasting decreased TSH and T 3 in both rat groups; however, fasted DIO rats had higher plasma T 3 levels than fasted lean rats (P Ͻ 0.05; Fig. 5F ). Altogether, these experiments strongly suggest that the HPT axis in the DIO condition remains responsive to leptin.
Thyroid hormone levels fail to increase during DIO in rats with inactive leptin receptor. Having determined the possibility that leptin could regulate TRH neurons despite the leptin resistance in the ARC, we decided to use the Zucker rat model, which is unresponsive to leptin because of a mutation in the leptin receptor gene (9, 47) . After 12 wk on HFD, Zucker rats were heavier (499.8 Ϯ 19.6 g) than Zucker rats fed with regular chow (455.0 Ϯ 12.5 g, P Ͻ 0.05). However, DIO Zucker rats and Zucker rats fed with regular chow had similar levels of TRH in the PVN, plasma TSH, T 3 (P Ͻ 0.05; To further determine whether the response of the HPT axis in the obese condition was leptin related, we measured the changes in STAT3 phosphorylation in the PVN of lean vs. DIO animals (Fig. 7A ) after 30 min of icv leptin administration, as previously done in our laboratory (29) . Fasted lean rats, as shown by us earlier (29) , demonstrate undetectable levels of pSTAT3 staining, whereas 5.1 Ϯ 2.0% of the TRH neurons in fasted DIO rats that still have high levels of leptin (hyperleptinemia) showed positive staining for pSTAT3 (P Ͻ 0.05 vs. percentage in DIO fed; Fig. 7B ), suggesting that leptin remains active in at least in one subgroup of TRH neurons. Consistent with this observation, there was a substantial decrease in the percentage of TRH neurons positive for pSTAT3 in fasted DIO rats (5.1 Ϯ 2.0%) compared with fed DIO rats (26.2 Ϯ 2.0%), suggesting that the fasting-induced decrease in leptin attenuated the direct activation of TRH neurons in DIO rats. Altogether, these results suggest that leptin may act on TRH neurons in the PVN of DIO independently of the ARC. Quantitative analysis indicated that 43.3 Ϯ 3.4% of parvocellular TRH cells were positive for pSTAT3 in the PVN of leptintreated lean rats and 42.0 Ϯ 4.5% of TRH cells of DIO rats were positive for pSTAT3 (P Ͻ 0.05 vs. basal; Fig. 7B ). The leptin-induced increase of pSTAT3 levels in TRH neurons of lean and DIO rats was not statistically different. After 30 min of leptin administration, there was no change in the levels of TRH in PVN or plasma TSH, T 3 , and T 4 (not shown), which is consistent with our previous studies (45) . These results suggest that TRH neurons of lean and DIO rats are equally sensitive to the leptin-induced increase in pSTAT3.
Leptin-responsive TRH neurons are hypophysiotropic. After establishing the fact that phophorylation of STAT3 was detected in TRH neurons of DIO animals and was affected by leptin, the remaining question was whether these neurons are hypophysiotropic. For this purpose, animals were injected intraperitoneally with the retrogradely transported marker FG, which is concentrated by axons that terminate outside of the blood-brain barrier (34) . Two days later, rats subjected to feeding, fasting, or fasting plus leptin conditions were perfused, and brain slices were costained with antibodies against pro-TRH, FG, and pSTAT3. Figure 8 depicts a set of representative images of the hypothalamic PVN from animals subjected to triple staining. Green, brown, and red staining represents FG, pSTAT3, and proTRH, respectively. Colocalization of FG, pro-TRH, and pSTAT3 is shown in the merge images in Fig. 8 , right, with arrows pointing to triple-labeled cells. Quantitative analysis indicated that 85.7 Ϯ 5.8 and 91.2 Ϯ 3.2% of the TRH neurons that expressed pSTAT3 also expressed FG in leptin-infused lean and DIO rats, respectively (Fig. 8) . In fed and fasted DIO rats, all TRH neurons expressing pSTAT3 also expressed FG (not shown). Quantitative analysis also indicated that 69.8 Ϯ 4.3 and 72.6 Ϯ 4.9% of the hypophysiotropic TRH neurons were positive for pSTAT3 in the PVN of leptin-treated lean and DIO rats, respectively (P Ͻ 0.05 vs. basal). These data clearly demonstrate that most TRH neurons directly responsive to leptin are hypophysiotropic and that most of the hypophysiotropic TRH neurons increase pSTAT3 in response to leptin in both DIO and lean rats.
STAT3 signaling partially overrides the T 3 -induced downregulation of prepro-TRH promoter activity. The results above show that in the DIO there was an increase in hypophysiotropic prepro-TRH gene expression and an increase in the biosynthesis of the TRH peptide, which resulted in an increase in the physiological end points of the HPT axis, T 3/4 . Since under the hyperleptinemic condition established in the DIO the TRH neurons seem to be continuously activated by leptin, we wondered whether the T 3 feedback mechanism to inhibit TRH was partially prevented by leptin competing with thyroid hor- Fig. 6 . Elevated HPT axis activity in DIO rats depends on the leptin signaling. A: genetically resistant Zucker rats fed high-fat diet (HFD) for 12 wk do not show higher levels of thyroid hormones compared with Zucker rats fed regular chow. B: icv treatment of DIO rats with AG-490, a specific inhibitor of the enzyme coupled to the leptin receptor that phosphorylates STAT3 and fully blocks the increase in T3 levels found in DIO rats. mone action on the TRH promoter. To test this paradigm, we determined the competitive effect of leptin and T 3 in regulating the prepro-TRH promoter using 293T cells cotransfected with TRb2, ObRb, STAT3, and the human prepro-TRH promoter linked to a luciferase reporter. The human prepro-TRH promoter contains the same regulatory elements for these factors as the rat promoter (26) . As shown in Fig. 9, 10 and 100 nM of T 3 treatment reduced the prepro-TRH promoter activity in a dose-dependent manner (P Ͻ 0.05). This action was specific for TRb2 since it requires the presence of this plasmid (not shown). On the other hand, 1, 10, and 100 nM of leptin treatment increased prepro-TRH promoter activity in a dosedependent manner (P Ͻ 0.05 vs. leptin ϭ 0 nM) in a STAT3-dependent fashion. When transfected cells were treated with leptin and T 3 simultaneously, we found that leptin blocked the T 3 -induced inhibition of prepro-TRH promoter activity. Cells incubated with a constant concentration of leptin (100 nM) and increasing concentrations of T 3 revealed a diminution of luciferase activity 56.2 Ϯ 8.1-, 49.7 Ϯ 10.4-, and 39.4 Ϯ 7.5-fold. When expressed as a percentage over the basal levels, 10 and 100 nM T 3 reduced the prepro-TRH promoter activity from 82.3 Ϯ 6.5 to 67.0 Ϯ 5.4% (Fig. 9) . Taken together, these results demonstrate that the magnitude of T 3 inhibition on prepro-TRH promoter activity is dependent upon leptin concentration, suggesting an interactive relationship between T 3 levels and pSTAT3 signaling to maintain the HPT axis when this axis is stressed by conditions such obesity.
DISCUSSION
Although it has been widely accepted that the melanocortin system plays a key role in mediating leptin's actions on food intake and energy balance, several convincing studies have shown that leptin signaling in the brain is not limited to ARC neurons. Earlier work showed that deletion of leptin receptors specifically from POMC neurons in the ARC results in modest obesity, which is much less severe than that observed in the leptin receptor deficient (db/db) mice (2) . In addition, ablation of the leptin receptor for both NPY/AgRP and POMC/CART neurons results only in brief hyperphagia not seen at the adult stage (59) . On the other hand, mice lacking leptin receptor in the whole central nervous system are obese and hyperphagic Fig. 7 . The magnitude of leptin-induced increase of pSTAT3 in TRH neurons is the same in both DIO and lean rats. Brain sections of fasted (48 h ) and fasted/leptin-treated (3.5 g/rat icv 30 min) rats were subjected to double immunohistochemistry using anti-pSTAT3 (brown staining) and anti-pro-TRH (red fluorescent staining) antiserum. A: low-magnification images for each individual staining for each group on the left and high-magnification merged images on the right. Arrows point to dual-labeled cells. Scale bars, 50 (low magnification) and 20 m (high magnification). B: number of TRH neurons positive for pSTAT3 in lean vs. DIO rats when treated with leptin icv. The statistics were done by counting Ͼ50 fields/condition. throughout all developmental stages (11) . In addition, animals with transgenic expression of leptin receptors restricted to the ARC do not fully ameliorate the hyperphagia and obesity seen in db/db mice. Altogether, these collection of data suggest that leptin receptors in other brain nuclei must be critically important in integrating and processing leptin signals (12) . Consistent with this paradigm, the leptin receptor with its signaling pathway is widely expressed in the mediobasal hypothalamus and throughout the brain (17) . Leptin administration increases neuronal activity within the ventromedial nucleus of the hypothalamus (16) . Leptin also acts directly on neurons of the lateral hypothalamus to reduce food intake and body weight (32). As we described earlier, TRH neurons in the PVN also express the active form of the leptin receptor (38) .
We had shown previously that leptin regulates the HPT axis by increasing the production of the TRH peptide in the PVN via a direct and an indirect pathway (26, 40) and that pretreatment of fasted rats with a melanocortin antagonist fully blocks the leptin-induced activation of the HPT axis (45), demonstrating in principle that the indirect pathway is necessary for leptin-mediated HPT activity. It is important to note, however, that the activity of both pathways in response to leptin was seen early in the lean condition, but over time the indirect pathway becomes the physiologically relevant pathway (45) as far as icv infusion of fasted rats with leptin is concerned. Different from the lean condition, the indirect pathway is blocked during DIO (Fig. 10) . Despite leptin resistance in the ARC, obese humans and rodents have functional, and even enhanced, HPT axis Fig. 8 . Most TRH neurons directly responsive to leptin are hypophysiotropic. FluoroGold (FG) was injected 48 h before the experiment to identify the hypophysiotropic TRH neurons. Brain sections of fasted DIO and lean rats treated with leptin (3.5 g/rat icv, 30 min) were subjected to triple immunohistochemistry using anti-FG (green fluorescent staining), anti-pSTAT3 (brown staining), and anti-proTRH (red fluorescent staining) antiserum. For each group, the top and bottom sets of images depict in low and high magnification, respectively, a representative picture of the triple-stained PVN. Colocalization of FG, pro-TRH, and pSTAT3 is shown in the merged images (right). Arrows point to the triple-labeled cells; n ϭ 3/group. Scale bars, 50 (low magnification) and 20 m (high magnification).
activity. Patients with leptin receptor mutations or leptin deficiency show features of hypothalamic hypothyroidism (10, 36) , and leptin treatment increases plasma thyroid hormones in leptin-deficient humans (19) . Also, leptin administration reverses the low thyroid hormones in subjects on hypocaloric diets (49) . Studies in mice also support the idea that leptin is necessary to maintain the HPT axis during obesity. For example, several studies have reported that ob/ob mice lacking the leptin receptor have low circulating thyroid hormone levels and reduced energy expenditure (6, 42, 43, 60) , suggesting that that leptin is required to increase circulating T 3 . In addition, ob/ob mice are inefficient in their response to cold stress, further indicating a deficiency in HPT axis regulation (19, 41) . Based on these observations in humans and mice, one would expect to find high activity of the HPT axis in hyperleptinemic obese subjects. Although this has not been observed consistently, several studies reported that obese individuals have a higher activity of thyroid axis within the normal range (14, 15, 51, 54, 57) . Patients with morbid obesity have higher levels of thyroid hormones compared with normal-weight subjects (35) . Therefore, it is possible that this model of leptin-induced resetting of the hypothalamic thyrostat may explain the alteration of the thyroid axis found in at least a subpopulation of obese individuals.
Previous studies have shown that thyroid hormone levels increase during DIO (1, 30) . Consistent with these early findings, the current report demonstrates that in DIO rats there is an increase in thyroid hormones as well as an increase in prepro-TRH mRNA, TRH, and pSTAT3 signaling in TRH neurons. The increase of T 3 and T 4 seen in DIO was associated with an Fig. 9 . STAT3 signaling alters the negative action of T3 on prepro-TRH gene expression. 293T cells were cotransfected with TR␤2, ObRb, STAT3, ␤-galactosidase expression vector, and the human prepro-TRH promoter linked to the luciferase reporter. Cells were treated overnight with T3 (10 -100 nM) and further treated with leptin (1-100 nM) for 6 h. For each condition, the luciferase activity was normalized to ␤-galactosidase activity. Results are shown as the relative luciferase activity normalized to each basal activity of the promoter for the different leptin treatments (0, 1, 10, and 100 nM). Results are the mean of 3 separate experiments performed in triplicate.
a P Ͻ 0.05 vs. 100% luciferase activity (T3 ϭ 0 nM) at the same concentration of leptin; b P Ͻ 0.05 vs. normalized luciferase activity at leptin ϭ 0 nM and the same concentration of T3. increase in energy expenditure, body temperature, and mitochondrial UCP expression, further supporting the established mechanism of the synergistic relationship between T 3 and the sympathetic nervous system to upregulate UCP1 expression (5) . These findings may explain why higher thyroid axis activity within the normal range is observed in some obese humans (14, 15, 51, 54, 57) and why morbidly obese patients have higher circulating thyroid hormone levels compared with normal-weight subjects (35) .
Here we show that the augmentation of the HPT axis seen in DIO was due mostly to leptin signaling acting centrally. To support this hypothesis, we show that the HPT axis of DIO Sprague-Dawley rats was sensitive to nutritional changes by altering the levels of prepro-TRH mRNA, TRH, and pSTAT3 in the hypothalamus and TSH, T 3 , and T 4 in the circulation, which is consistent with leptin responsiveness in hypothalamic TRH neurons. Further supporting this premise, Zucker rats [rats that genetically lack a leptin response (8, 47) ] fed with regular chow or HFD failed to increase T 3 levels to the levels observed in normal Sprague-Dawley DIO rats, confirming the need for active leptin signaling. We also provided an additional experiment where AG-490 (a drug that inhibits phosphorylation of STAT3) that was centrally administered to normal Sprague-Dawley rats reduced thyroid hormone levels in DIO animals. Although pSTAT3 is also stimulated by other factors, including prolactin, IL-6, and IFN, the combined physiological and genetic data strongly support our hypothesis.
Analysis of deiodinase activities showed no increase as a result of the DIO condition in several key tissues related to thermogenic activity. Deiodinase enzymes regulate circulating thyroid hormone levels where D2 produces active T 3 and D1 can either activate or inactivate T 3 . In contrast, D3 inactivates T 3 and T 4 and functions as the primary clearing mechanism for plasma T 3 (3). When we measured the activity in ARC/ME, BAT, and liver, no statistical differences between the DIO and lean animals were observed. The results show that the deiodinase activities are not affected in DIO, which suggests that the increased activity of the HPT axis seen in the long-term HFD regime can be attributed only to a central regulation by leptin. A previous study showed that central administration of leptin increased D2 activity in BAT (7), which elevated plasma T 3 levels. In contrast, D1 activity in liver, D2 activity in ARC and BAT, and ARC D3 activity were similar in lean and DIO animals. However, this study involved pharmacological manipulations, which are very different from the physiological study reported here. Taken together, our results indicate that deiodinases (at least in the tissues measured in the current study) do not contribute to the increase in thyroid hormones observed in the DIO but instead support the hypothesis of a central activation by leptin through the direct pathway. These novel findings could have important implications for understanding obesity-induced changes in the HPT axis of humans.
Using a neuronal tracing approach, the results reveal that the TRH neurons activated by leptin in the DIO are hypophysiotropic and that these TRH neurons originating from the PVN project their axon terminals to the ME, where TRH is released into the portal vessels and transported to the pituitary to stimulate TSH. In terms of the TRH gene regulation, our in vitro studies showed that leptin and T 3 compete for the same promoter site, suggesting that up-and downregulation of the TRH gene by these two factors represent an integrated mechanism of regulation that depends upon nutritional changes. The magnitude of T 3 inhibition of prepro-TRH promoter activity decreased with increasing leptin concentrations, suggesting that when leptin, and thus pSTAT3, levels are high (as in the DIO condition), more T 3 is necessary to inhibit the prepro-TRH gene expression. A simple mechanism to explain this interaction would implicate either a physical or functional competition between these two factors for binding to the promoter. The integration of the ␣-MSH-induced p-CREB signaling and the TRb2 signaling occurs in a similar way, where both factors compete to bind to the same sequence of the prepro-TRH promoter (site 4, between the nucleotides Ϫ60 and Ϫ55), and these factors regulate prepro-TRH gene expression in opposite directions (26) . However, pSTAT3 signaling may be different since the main STAT-responsive region localizes between the nucleotides Ϫ150 and Ϫ125 of the human prepro-TRH promoter (26) . Further work is required to discern how pSTAT3 and TRb2 signaling interact on the prepro-TRH promoter to regulate gene expression. Taken together, these studies provide the first evidence that TRH neurons regulated directly by leptin play a significant role in the DIO condition by allowing the HPT axis to continue to function when leptin resistance is established in the ARC. Figure 10 shows a schematic description of leptin activation of TRH neurons in lean and obese animals.
